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	Acetyl-CoA	 Acetyl-Coenzyme	A	ACS	 	 ARS	consensus	sequence	AEBSF		 4-(2-aminoethyl)benzenesulfonyl	fluoride	hydrochloride	APC/C		 anaphase	Promoting	Complex/Cyclosome	ARS	 	 autonomously	replicating	sequence	Asf	 	 anti-silencing	function	 	ATP	 	 adenosine	5’-triphosphate		 	 	ATPgS		 adenosine	5’-O-(3-thio)triphosphate	
bME	 	 2-mercaptoethanol	Bp	 	 base	pair	BSA	 	 bovine	serum	albumin	Cac	 	 chromatin	assembly	complex	CBP	 	 calmodulin	binding	peptide	Cdc	 	 cell	division	cycle	CDK	 	 cyclin-dependent	kinase	Cdt	 	 Cdc10-dependent	transcript	Clb	 	 cyclin	B	CMG	 	 Cdc45-Mcm2-7-GINS	CMGE	 	 CMG-Pol	e	Csm	 	 chromosome	segregation	in	meiosis	Ctf	 	 chromosome	transmission	fidelity	Cryo-EM	 cryo-electron	microscopy	CTD	 	 C-terminal	domain	Dbf	 	 dumpbell	forming	DDK	 	 Dbf4-dependent	kinase	Dna	 	 DNA	synthesis	defective	DNA	 	 deoxyribonucleic	acid	dNTP	 	 deoxynucleoside	triphosphate	Dpb	 	 DNA	polymerase	B	possible	subunit	dsDNA	 double-stranded	DNA	
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DTT	 	 dithiothreitol	EDTA	 	 ethylenediaminetetraacetic	acid	EGTA	 	 ethylene	glycol	tetraacetic	acid	EM	 	 electron	microscopy	FACT	 	 facilitates	chromatin	transcription	GST	 	 glutathione	S-transferase	HRP	 	 horseradish	peroxidase	IgG	 	 immunoglobulin	G	IPTG	 	 isopropyl-1-thio-β-D-galactopyranoside	kDa	 	 kilo	Dalton	Mcm	 	 minichromosome	maintenance	MNase		 micrococcal	nuclease	Mrc	 	 mediator	of	the	replication	checkpoint	MTBP	 	 Mdm2	binding	protein	NTD	 	 N-terminal	domain	NTP	 	 ribonucleoside	5’-triphosphate	OCM	 	 ORC-Cdc6-Mcm2-7	OCCM	 	 ORC-Cdc6-Cdt1-Mcm2-7	Orc	 	 origin	recognition	complex	PBS	 	 phosphate	buffered	saline	PCR	 	 polymerase	chain	reaction	PCNA	 	 proliferating	cell	nuclear	antigen	PEG	 	 polyethylene	glycol	PepA	 	 Pepstatin	A	Pif	 	 petite	integration	frequency	PMSF	 	 phenylmethylsulfonyl	fluoride	Pol	 	 polymerase	Pre-RC	 pre-replicative	complex	Psf	 	 partner	of	Sld5	Rad	 	 radiation	sensitive	RLF	 	 replication	licensing	factor	RPA	 	 replication	protein	A	RPC	 	 replisome	progression	complex	
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Enzyme	 Source	Benzonase	 Sigma-Aldrich	Ribonuclease	A	 Sigma-Aldrich	Restriction	enzymes	 New	England	Biolabs	(NEB)	




Antibody	 Source		 Dilution	Anti-Histone	H3	 Abcam	(ab1791)	 1:2000	Anti-Histone	H3K56ac	 Active	Motif	(39281)	 1:2500		
Table	2-3	Secondary	antibodies	used	in	this	study	




























pBluescript/ARS1	WTA	 N/A	 N/A	 Template	for	in	vitro	DNA	replication	assay	
(Marahrens	and	Stillman,	1992)		pJY22	 pBS	KS+	 ARS1	 Template	for	
in	vitro	DNA	replication	assay	
(Yeeles	et	al.,	2017)		
pET28a	 N/A	 N/A	 Construction	of	expression	strains	in	E.	
coli	
Merck	
pJY19	 pET28a	 PCNA	 Expression	of	PCNA	in	E.	
coli	
(Yeeles	et	al.,	2017)	
pAM3	 pGEX-6p-1	 CDC6	 Expression	of	Cdc6	in	E.	
coli	
(Frigola	et	al.,	2013)	



















pRJ1228	 pET28a	 NHP6	 Expression	of	Nhp6	in	E.	
coli	
(Ruone	et	al.,	2003)	
N/A	 pRS303	 FEN1-TEV-CBP	 Galactose-inducible	expression	in	yeast		
Generated	within	the	laboratory	by	Dr	Anne	Early	N/A	 pRS303	 CBP-TEV-DNA2	 Galactose-inducible	expression	in	yeast	












site	pJHH1	 N/A	 CAC2	 GeneArt	Gene	Synthesis	
AscI	 XhoI	
pJHH2	 N/A	 CBP-CAC3	 GeneArt	Gene	Synthesis	
SgrAI	 NotI	
pJHH3	 N/A	 CBP-RTT106	 GeneArt	Gene	Synthesis	
SgrAI	 NotI	
pJHH4	 N/A	 CBP-VPS75	 GeneArt	Gene	Synthesis	
SgrAI	 NotI	
pJHH6	 N/A	 ASF1-CBP	 GeneArt	Gene	Synthesis	
SgrAI	 NotI	
pJHH7	 N/A	 CAC1	 GeneArt	Gene	Synthesis	
SgrAI	 NotI	
pJHH8	 pRS306	 CAC1	and	CAC2	 GeneArt	Gene	Synthesis	
SgrAI	(CAC1)	AscI	(CAC2)	
NotI	(CAC1)	XhoI	(CAC2)	pJHH9	 pRS303	 CBP-CAC3	 GeneArt	Gene	Synthesis	
SgrAI	 NotI	
pJHH10	 pRS303	 ASF1-CBP	 GeneArt	Gene	Synthesis	
SgrAI	 NotI	
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pJHH11	 pRS303	 CBP-VPS75	 GeneArt	Gene	Synthesis	
SgrAI	 NotI	
pJHH12	 pRS303	 CBP-Rtt106	 GeneArt	Gene	Synthesis	
SgrAI	 NotI	





Name	 Sequence	 Use	 Purpose	JHH15	 TCTTCAATAACATATGTCACTGAATGACTTCCTAAGTTCC	 Forward	primer	(Rtt109)	 Construction	of	pJHH14	JHH16	 ATAAATATCAAGTCGACTCAAGTTTTAGGCAAGGCTTTAGC	 Reverse	primer	(Rtt109)	 Construction	of	pJHH14	JHH34	 CTGCCAGGCGGCCGCCTATTATTCTAAGATGTGGTCTTC		
Reverse	primer	(Pif1)	 Construction	of	pJHH16	



































































































































































































































































































































































































































































































































0.6% alkaline agarose gel
0.6% alkaline agarose gel
ORC, Cdc6,
Mcm2-7/Cdt1, ATP










































Minus Fen1 and Lig1
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0.6% native agarose gel 0.6% native agarose gel
XhoI digest


















































































































































































  Dna2 (nM): - 40 120 - 4080 80 120
- Pif1 + Pif1









0.6% alkaline agarose gel
1 2 3 4 5 6 87























































Pif1 (nM): 5- 1 50 5- 1 50 5- 1 50
15 minutes 30 minutes 60 minutes








0.6% native agarose gel
Autoradiogram
XhoI digest
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0.6% native agarose gel
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Low Mcm High Mcm High Mcm High Mcm 
+ Mcm10 + Mcm10 + Mcm10 - Mcm10
Total micrographs 20 772 200 200
Total surrounding particles - - 93,213 66,792
Total Mcm particles - - 57,790 (62.0%) 28,982 (43.4%)
Surrounding Mcm-Cdt1 - - 46,940 (50.3%) 20,528 (30.7%)
Surrounding single Mcm - - 7,892 (8.5%) 4,504 (6.7%)
Surrounding double Mcm - - 2,958 (3.2%) 3,950 (5.9%)
Surrounding CMG - - 0 (0%) 0 (0%)
Total unidentified particles - - 35,423 (38.0%) 37,810 (56.6%)
Total trains 0 / grid square 769 (75 / grid square) 75 / grid square 5 / grid square
Total picked train termini - 1,538 - -
Terminal CMG - 849 (55.2%) - -
Terminal non-CMG - 689 (44.8%) - -
Trains without CMG - 160 (20.8%) - -
Trains with one CMG - 369 (48.0%) - -
Trains with double CMG - 240 (31.2%) - -







Glow discharging 30 sec (45 mA) 30 sec (45 mA) 30 sec (45 mA) 30 sec (45 mA)
Sample volume 4 µl 4 µl 4 µl 4 µl
Incubation time 1 min 1 min 1 min 1 min
Stain 2% uranyl acetate 2% uranyl acetate 2% uranyl acetate 2% uranyl acetate
Staining time 5 / 10 / 15 / 20 sec 5 / 10 / 15 / 20 sec 5 / 10 / 15 / 20 sec 5 / 10 / 15 / 20 sec
Microscope FEI Tecnai G2 Sprit FEI Tecnai G2 Sprit FEI Tecnai G2 Sprit FEI Tecnai G2 Sprit
Detector 2k x 2k Gatan Ultrascan 100
2k x 2k Gatan 
Ultrascan 100
2k x 2k Gatan 
Ultrascan 100
2k x 2k Gatan 
Ultrascan 100
Filament LaB6 LaB6 LaB6 LaB6
Voltage 120 kV 120 kV 120 kV 120 kV
Defocus range -0.5 / -2.5 µm -0.5 / -2.5 µm -0.5 / -2.5 µm -0.5 / -2.5 µm
Magnification x30,000 x30,000 x30,000 x30,000
Pixel size 3.45 Å 3.45 Å 3.45 Å 3.45 Å
CTF estimation Gctf-v1.18 Gctf-v1.18 Gctf-v1.18 Gctf-v1.18
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Firstly,	it	was	clear	that	the	de	novo	reaction	was	quite	efficient	as	evidenced	by	the	extensive	nucleosome	ladder	following	Micrococcal	nuclease	digestion	of	the	products	(Figure	6.6,	‘De	novo’).	EtBr	staining	showed	that	the	products	not	treated	with	Micrococcal	nuclease	were	supercoiled	and	that	this	supercoiling	was	replication-dependent	(Figure	6.6,	lane	1).	Secondly,	the	parental	reaction	revealed	that	histones	were	indeed	being	re-deposited	behind	the	replication	fork,	though	the	ladder	was	much	less	extensive	than	in	the	de	novo	reaction	(Figure	6.6,	‘Parental’).	This	was	not	surprising	as	the	histone	content	is	expected	to	be	diluted	between	the	two	nascent	strands	of	DNA.	In	the	combined	reaction,	the	products	were	more	resistant	to	Micrococcal	nuclease	and	the	ladder	was	much	more	extensive	than	in	the	parental	reaction	(Figure	6.6,	‘Both’).	It	was	not	much	better	than	in	the	de	
novo	reaction,	however,	and	it	was	not	clear	if	the	replicated	molecules	in	the	combined	reaction	contained	histones	from	both	the	de	novo	and	parental	pathways.			Following	digestion	with	Micrococcal	nuclease,	some	of	the	input	chromatinised	DNA	was	end-labelled	with	32P-dATP.	This	was	run	alongside	the	products	from	all	three	reactions	described	earlier	in	this	section	as	a	control	to	determine	the	histone	content	of	the	nucleosomes	on	the	replicated	DNA.	The	nucleosomes	in	the	input	contain	the	full	histone	octamer:	two	copies	each	of	histones	H2A,	H2B,	H3,	and	H4.	Previously,	it	was	not	clear	if	the	products	of	the	reconstituted	de	novo	pathway	contained	all	of	these	histones	or	a	smaller	subset,	such	as	(H3-H4)2	without	H2A	and	H2B.	The	(H3-H4)2	subset	migrates	slightly	faster	than	the	full	histone	octamer	through	an	agarose	gel.	Because	the	products	in	each	of	the	three	reactions	migrate	the	same	distance	in	the	gel	as	the	end-labelled	ladder	of	input	DNA,	it	seems	that	the	nucleosomes	in	these	reactions	are	likely	composed	of	the	full	histone	octamer	following	replication	(Figure	6.6,	‘End-labelled	input	DNA’).										
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6.3	Discussion	
6.3.1	Reconstitution	of	Okazaki	fragment	maturation	and	termination	
on	chromatin	Early	work	in	this	chapter	described	the	reconstitution	of	Okazaki	fragment	maturation	on	chromatinised	DNA.	This	process	minimally	requires	the	nuclease	Fen1	and	DNA	ligase	I	in	addition	to	the	proteins	needed	for	replication	initiation	and	elongation	described	previously	(Yeeles	et	al.	2015;	Yeeles	et	al.	2017;	Kurat	et	al.	2017).	This	process	had	previously	only	been	reconstituted	on	naked	DNA	(Chapter	3),	so	it	was	not	clear	if	additional	proteins	would	be	required	on	chromatinised	DNA.	However,	the	data	presented	in	this	chapter	suggest	that	additional	proteins	are	not	required	to	promote	Okazaki	fragment	maturation	beyond	those	needed	for	naked	DNA.	Furthermore,	the	ATP-dependent	nucleosome	spacing	factor	INO80	may	enhance	Okazaki	fragment	maturation	in	the	context	of	chromatin	as	there	appears	to	be	more	full-length	products	after	replication	in	the	presence	of	INO80	(Figure	6.1D).	ISW1a	appears	to	have	no	effect	on	the	accumulation	of	these	products,	either	alone	or	in	addition	to	INO80.	Together,	these	data	suggest	that	Okazaki	fragment	maturation	is	sensitive	to	nucleosome	positioning	on	DNA.	This	is	consistent	with	previous	work	showing	that	lagging	strand	synthesis	is	coupled	to	chromatin	assembly,	with	important	implications	for	the	regulation	of	gene	expression	and	epigenetic	inheritance	
in	vivo	(Smith	and	Whitehouse,	2012;	Yadav	and	Whitehouse,	2016).										The	products	of	the	replication	reaction	on	chromatin	were	later	shown	to	be	terminated	and	covalently-closed	when	replication	was	carried	out	with	Fen1	and	DNA	ligase	I	(Figure	6.2).	Compared	with	naked	DNA,	this	process	is	relatively	slow	and	the	terminated	products	were	found	to	accumulate	over	time;	roughly	30%	of	the	products	were	terminated	after	two	hours	of	replication	on	chromatin	whereas	on	naked	DNA	this	figure	was	nearly	60%	(Figure	3.7	and	Figure	6.3).	I	then	found	that	termination	on	chromatin	is	enhanced	by	Pif1,	as	with	naked	DNA	(Figure	6.4).	Roughly	40%	of	the	products	were	terminated	after	one	hour	of	replication	in	the	presence	of	Pif1	and	the	addition	of	Dna2	slightly	improved	this	figure	to	45%.		
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	The	data	presented	in	this	chapter	reveal	that	Pif1	can	resolve	RIs	as	well	as	enhance	the	rate	of	termination	on	chromatin,	similar	to	what	was	observed	on	naked	DNA	in	Chapter	4.	Previously,	I	also	showed	that	Pif1	could	remove	excess	Mcm2-7	double	hexamers	from	chromatin	during	replication	(Chapter	4).	It	seems	likely	that	Pif1	is	able	to	enhance	termination	on	chromatin	in	part	by	removing	excess	double	hexamers	from	DNA,	allowing	unimpeded	progression	and	convergence	of	CMGs.	This	would	be	consistent	with	the	in	
vivo	observation	that	Pif1	and	Pif1	family	helicases	are	able	to	promote	replisome	progression	through	difficult	to	replicate	regions	of	the	genome	(Sabouri	et	al.	2012;	Steinacher	et	al.	2012).			
6.3.2	Reconstitution	of	complete	chromatin	replication	Later	in	this	chapter	I	showed	that	the	combination	of	histone	chaperones	FACT	and	Nhp6	are	required	in	order	to	replicate	chromatinised	DNA,	consistent	with	the	findings	of	Kurat	et	al.	2017.	Other	chaperones	do	not	substitute	for	them	in	this	role,	including	CAF-1,	Asf1,	and	Rtt106	(Figure	6.5).	This	suggests	that	the	re-deposition	of	parental	histones	behind	the	replication	fork	is	a	separate	and	distinct	pathway	from	de	novo	histone	deposition	by	CAF-1	and	Asf1	as	presented	in	Chapter	5.	It	is	unclear	how	these	two	pathways	are	regulated	and	contribute	to	the	full	chromatinisation	of	newly-replicated	DNA.			In	order	to	begin	studying	this	process,	I	replicated	chromatinised	DNA	in	the	presence	of	FACT,	Nhp6,	and	INO80,	as	well	as	the	proteins	involved	in	de	
novo	chromatin	assembly,	including	purified	histones,	Asf1,	and	CAF-1	(Figure	6.6).	Following	digestion	of	the	replication	products	with	Micrococcal	nuclease,	I	observed	a	nucleosome	ladder	with	up	to	tetra-	and	penta-	nucleosomal	bands.	This	was	more	extensive	than	the	ladder	following	digestion	of	products	from	a	similar	reaction	that	did	not	contain	the	proteins	involved	in	de	novo	chromatin	assembly.	The	resultant	di-	and	tri-	nucleosomal	bands	in	this	reaction	confirmed	that	parental	histones	were	indeed	being	re-deposited	behind	the	replication	fork,	similar	to	what	was	
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observed	by	Kurat	et	al.	2017.	In	a	separate	reaction,	naked	DNA	was	replicated	in	the	presence	of	proteins	required	for	de	novo	chromatin	assembly	including	purified	histones,	Asf1,	and	CAF-1.	This	reaction	did	not	contain	FACT,	Nhp6,	or	INO80.	The	ladder	in	this	reaction	was	extensive	and	included	up	to	tetra-	and	penta-	nucleosomal	bands	following	digestion	with	Micrococcal	nuclease	(Figure	6.6).	Intriguingly,	this	ladder	was	similar	to	the	ladder	produced	following	digestion	of	the	products	replicated	in	the	combined	reaction,	which	in	theory	included	both	parental	histone	re-deposition	and	de	novo	chromatin	assembly	(Figure	6.6,	‘Both’).	The	similarities	in	the	products	from	these	two	reactions	made	it	difficult	to	interpret	the	contribution	of	parental	histone	re-deposition	and	de	novo	chromatin	assembly	on	the	replicated	DNA.	One	possibility	is	that	the	efficient	de	novo	chromatin	assembly	pathway	is	out-competing	parental	histone	re-deposition	in	this	reaction.	Even	if	this	were	the	case,	the	previous	experiment	revealed	that	the	combination	of	histone	chaperones	FACT	and	Nhp6	are	required	to	replicate	chromatinised	DNA.	The	other	possibility	is	that	parental	histones	are	being	re-deposited	behind	the	fork	alongside	the	deposition	of	histones	from	the	de	novo	chromatin	assembly	pathway.	Further	experiments	will	be	required	to	address	how	these	processes	are	coordinated.	For	example,	one	approach	would	be	to	tag	the	histones,	with	one	tag	for	the	histones	involved	the	de	novo	chromatin	assembly	pathway	and	another	for	the	histones	used	to	chromatinise	the	input	DNA.	This	would	then	allow	me	to	determine	if	the	parental	histones	are	being	re-deposited	behind	the	replication	fork	in	this	assay.	If	necessary,	I	can	titrate	the	proteins	involved	in	the	de	novo	chromatin	assembly	pathway	in	order	to	determine	the	conditions	in	which	parental	histones	are	efficiently	re-deposited	on	the	replicated	DNA.			Furthermore,	work	in	vivo	has	suggested	that	parental	heterotetramers	of	histones	H3	and	H4	generally	remain	intact	when	nucleosomes	are	disrupted	during	replication,	though	there	is	mixing	of	old	and	new	histones	H2A	and	H2B	(Xu	et	al.	2010;	Katan-Khaykovich	and	Struhl,	2011;	Prior	et	al.	1980;	
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Annunziato	2005).	The	work	described	in	this	chapter	has	provided	a	powerful	in	vitro	tool	for	understanding	how	these	processes	work	in	vivo.															
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Chapter	7.	Discussion		
7.1	Introduction	Discontinuous	synthesis	on	the	lagging	strand	during	replication	leads	to	the	generation	of	discrete	Okazaki	fragments,	which	are	then	processed	to	form	a	single,	continuous	strand	of	DNA	(Okazaki	et	al.	1968).	Following	this,	the	end	of	replication	involves	a	number	of	sequential	processes	that	must	occur	in	order	to	generate	two	identical	copies	of	DNA	(Gambus,	2017;	Dewar	et	al.	2017).	Termination	events	mostly	occur	asynchronously	and	without	sequence	specificity,	making	these	processes	difficult	to	study	in	vivo.	Finally,	DNA	is	rapidly	re-assembled	into	chromatin	following	replication.	This	involves	the	transfer	of	parental	histones	from	the	template	DNA	to	the	daughter	DNA,	as	well	as	the	deposition	of	newly-synthesised	histones	by	chaperones	such	as	CAF-1	(Smith	and	Stillman,	1989).	The	mechanisms	underlying	these	complex	processes	have	proved	difficult	to	study	both	in	
vivo	and	in	vitro.	Following	the	recent	reconstitution	of	replication	initiation	and	elongation	with	purified	proteins	in	vitro,	it	has	become	possible	to	reconstitute	and	study	Okazaki	fragment	maturation,	termination,	and	replication-coupled	chromatin	assembly	as	they	occur	in	vivo	(Yeeles	et	al.	2015;	Yeeles	et	al.	2017;	Kurat	et	al.	2017;	Devbhandari	et	al.	2017).		
7.2	Okazaki	fragment	maturation	in	vitro	In	this	study,	I	initially	set	out	to	determine	the	requirements	for	Okazaki	fragment	maturation	on	naked	DNA,	building	upon	a	system	that	reconstituted	replication	initiation	and	elongation	with	purified	proteins	in	
vitro	(Yeeles	et	al.	2015;	Yeeles	et	al.	2017).	Consistent	with	previous	in	vitro	and	in	vivo	studies,	I	found	that	this	process	minimally	requires	the	nuclease	Fen1,	DNA	ligase	I,	DNA	polymerase	d,	and	PCNA	(Maga	et	al.	2001;	Ayyagari	et	al.	2002;	Rossi	and	Bambara,	2006;	Stodola	and	Burgers,	2016).	However,	this	was	one	of	the	first	studies	to	examine	this	process	in	the	context	of	fully	reconstituted	replication	with	purified	proteins.	It	was	also	reconstituted	in	another	recently	established	in	vitro	replication	system	(Devbhandari	et	al.	
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2017).	However,	they	observed	short	products	even	in	the	presence	of	Fen1	and	DNA	ligase	I,	despite	having	the	same	protein	components	in	their	reactions	as	those	described	in	Chapter	3.	I	could	not	exclude	the	possibility	that	one	or	more	of	my	purified	proteins	contained	a	contaminant	that	could	potentially	enhance	lagging	strand	synthesis.	In	order	to	determine	whether	or	not	this	was	the	case,	I	analysed	a	master	mix	of	my	replication	proteins	by	mass	spectrometry	(data	not	shown).	Whilst	there	were	a	number	of	low-level	contaminants,	including	ribosomal	components	and	heat-shock	proteins,	none	of	them	are	known	to	be	involved	in	lagging	strand	synthesis.	Thus,	it	seems	that	the	discrepancies	between	our	reactions	could	be	due	to	differences	in	reaction	conditions	or	protein	concentration/activity.											The	nuclease	Dna2	was	not	required	for	Okazaki	fragment	maturation	nor	could	it	substitute	for	Fen1.	This	was	surprising	as	Dna2	is	essential	for	cell	viability	in	vivo,	unlike	Fen1	(Budd	and	Campbell,	1995;	Reagan	et	al.	1995).	Perhaps	Dna2	is	the	only	nuclease	in	vivo	that	is	able	to	process	long-flaps	generated	by	DNA	polymerase	d,	whereas	there	are	other	nucleases	that	can	substitute	for	Fen1,	such	as	Exonuclease	1	(Burgers,	2009;	Balakrishnan	and	Bambara,	2013).	This	would	be	consistent	with	the	finding	that	the	nuclease	activity	of	Dna2	is	its	essential	function	(Formosa	and	Nittis,	1999;	Kang	et	al.	2000).	Of	course,	the	protein	used	for	the	experiments	in	this	thesis	may	not	have	been	completely	active.	Dna2	has	been	found	to	be	difficult	to	work	with	
in	vitro	(Levikova	et	al.	2013).	In	any	case,	the	subtle	lengthening	of	Okazaki	fragments	observed	in	the	absence	of	Fen1	suggests	that	a	small	fraction	of	the	fragments	are	processed	by	Dna2	and	DNA	ligase	I	(Chapter	3	and	Chapter	4).	It	was	later	proposed	in	Chapter	3	that	the	helicase	Pif1	may	be	necessary	to	generate	the	long-flap	substrates	for	Dna2	during	Okazaki	fragment	maturation,	based	on	previous	in	vitro	and	in	vivo	data	(Rossi	et	al.	2008;	Budd	et	al.	2006).	Whilst	I	found	that	Dna2	is	able	to	suppress	Pif1’s	ability	to	enhance	strand	displacement	synthesis	by	DNA	polymerase	d,	it	seems	that	Dna2	is	only	able	to	process	a	small	fraction	of	Okazaki	fragments	in	the	absence	of	Fen1,	with	or	without	Pif1	(Chapter	4).	It	may	be	that	only	a	small	number	of	long	flaps	are	generated	in	vivo,	but	the	inability	to	process	
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them	may	be	lethal	to	the	cell.	It	has	been	predicted	that	the	majority	of	flaps	generated	during	strand	displacement	synthesis	are	short	enough	to	be	processed	by	Fen1	(Burgers	and	Kunkel,	2017).	It	will	be	interesting	in	the	future	to	use	this	assay	to	study	the	mechanism	of	Okazaki	fragment	maturation,	including	the	coordination	of	the	nucleases	Fen1	and	Dna2.				Chromatin	is	the	physiological	substrate	for	replication	in	vivo.	Thus,	it	is	important	to	understand	how	processes	like	Okazaki	fragment	maturation	work	not	only	on	naked	DNA,	but	ultimately	on	chromatinised	DNA.	Replication	initiation	and	elongation	were	both	recently	reconstituted	on	chromatin	with	purified	proteins	in	vitro	(Kurat	et	al.	2017).	Building	upon	this	system,	I	found	that	Okazaki	fragment	maturation	in	this	context	requires	Fen1	and	DNA	ligase	I	(and	presumably	PCNA	and	DNA	polymerase	d),	as	with	naked	DNA	(Chapter	6).	Dna2	is	dispensable	for	Okazaki	fragment	maturation	on	chromatin	in	this	minimal	in	vitro	system,	as	it	is	on	naked	DNA.	Furthermore,	this	process	seems	to	be	slightly	enhanced	by	the	ATP-dependent	nucleosome	spacing	factor	INO80.	This	suggests	that	lagging	strand	synthesis	is	linked	to	chromatin	assembly,	as	previously	suggested	in	
vitro	and	in	vivo	(Smith	and	Whitehouse,	2012;	Kurat	et	al.	2017;	Devbhandari	et	al.	2017).	ISW1a,	another	nucleosome	remodeller,	had	no	effect	on	the	distribution	of	replication	products.	It	may	be	that	INO80	optimally	positions	nucleosomes	for	downstream	processes,	such	as	strand	displacement	by	DNA	polymerase	d	and	flap	cleavage	by	Fen1	and/or	Dna2.	In	any	case,	these	results	have	important	implications	given	the	role	of	chromatin	in	gene	expression	and	the	inheritance	of	epigenetic	states.	It	is	plausible	that	INO80	could	remove	nucleosomes	around	the	replication	fork,	as	it	has	been	shown	to	do	around	double-strand	breaks	(van	Attikum	et	al.	2007;	Tsukuda	et	al.	2005).	Furthermore,	S.	cerevisiae	lacking	INO80	have	been	found	to	progress	more	slowly	through	S-phase,	and	the	replication	fork	is	significantly	delayed	in	human	cells	lacking	INO80	(Papamichos-Chronakis	and	Peterson,	2008;	Vassileva	et	al.	2014).		More	experiments	will	be	necessary	to	determine	the	precise	roles	of	these	remodellers	in	chromatin	replication,	as	well	as	the	effects	they	have	on	downstream	processes	in	vivo.				
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	In	summary,	Okazaki	fragment	maturation	requires	Fen1	and	DNA	ligase	I	on	both	naked	and	chromatinised	DNA.	This	is	in	addition	to	the	proteins	needed	for	replication	initiation	and	elongation	described	previously	(Yeeles	et	al.	2015;	Yeeles	et	al.	2017;	Kurat	et	al.	2017).	Dna2	does	not	substitute	for	Fen1,	nor	is	its	ability	to	process	Okazaki	fragments	enhanced	in	the	presence	of	Pif1.	Moreover,	the	idea	that	lagging	strand	synthesis	and	chromatin	assembly	are	linked	is	supported	by	the	observation	that	Okazaki	fragment	maturation	is	somewhat	enhanced	in	the	presence	of	INO80.			
7.3	Termination	of	DNA	replication	in	vitro	Following	the	establishment	of	Okazaki	fragment	maturation,	the	in	vitro	replication	system	described	previously	was	now	recapitulating	initiation	as	well	as	complete	leading	and	lagging	strand	synthesis	(Yeeles	et	al.	2015;	Yeeles	et	al.	2017;	Kurat	et	al.	2017).	Next,	I	wanted	to	determine	the	requirements	for	termination	in	vitro.	Reconstitution	of	this	process	would	provide	greater	understanding	of	the	mechanisms	through	which	this	process	occurs	at	the	end	of	replication.	Intriguingly,	linearisation	of	the	products	replicated	in	the	presence	of	Fen1	and	DNA	ligase	I	resulted	in	a	single	band	of	unit-length	on	an	alkaline	gel	(Chapter	3).	The	linearisation	site	(XhoI)	was	spaced	approximately	four-thousand	base-pairs	away	from	the	origin	(but	not	directly	across	from	the	origin),	so	the	appearance	of	a	unit-length	band	suggested	that	the	lagging	strand	was	being	ligated	to	the	leading	strand.	Previous	work	had	revealed	that	converging	CMGs	pass	each	other	on	opposite	leading	strands,	allowing	for	the	rapid	ligation	of	these	strands	to	downstream	Okazaki	fragments	and	completion	of	DNA	synthesis	(Dewar	et	al.	2015).	Indeed,	I	found	that	termination	was	occurring	in	the	minimal	in	
vitro	system	described	in	Chapter	3.	This	process	did	not	require	additional	proteins	beyond	those	already	described.	The	terminated	products	accumulated	slowly	over	time,	with	40%	of	the	products	terminated	after	one	hour	of	replication	and	nearly	60%	after	two	hours	(Chapter	3).	This	was	also	the	case	on	chromatin,	though	the	amount	of	terminated	product	accounted	for	only	30%	of	the	total	products	after	two	hours	(Chapter	6).	These	results	
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suggested	that	termination	is	less	efficient	than	initiation	and	elongation	as	replication	rates	in	this	system	have	been	measured	at	1.5-2	kb/min	on	naked	DNA	(Yeeles	et	al.	2017).	Given	that	converging	replisomes	do	not	slow	down	or	stall	at	the	end	of	replication	in	Xenopus	extracts,	it	seemed	that	a	factor	(or	factors)	may	have	been	missing	that	facilitate	termination	in	vivo	(Dewar	et	al.	2015).	Pif1	was	a	likely	candidate	as	it	has	been	shown	to	promote	replisome	progression	through	protein	barriers	and	difficult	to	replicate	regions	of	the	genome;	its	homologue	in	S.	pombe	has	also	been	shown	to	promote	fork	convergence	during	termination	in	vivo	(Steinacher	et	al.	2012;	Paeschke	et	al.	2011;	Paeschke	et	al.	2013;	Boule	et	al.	2005;	Koc	et	al.	2016).											I	found	that	termination	is	promoted	in	two	ways	by	Pif1:	it	promotes	the	resolution	of	replication	intermediates	and	increases	the	rate	of	termination	(Chapter	4).	This	has	also	been	shown	in	a	similar	in	vitro	system	by	Dr	Tom	Deegan	at	the	University	of	Dundee	(unpublished	data).	Furthermore,	I	found	this	to	be	the	case	on	chromatin	as	well	as	naked	DNA.	The	differences	in	termination	efficiencies	between	chromatin	and	naked	DNA	were	resolved	in	the	presence	of	Pif1	(and	to	a	lesser	extent,	Dna2).	The	decreased	termination	efficiency	observed	on	chromatin	may	have	been	due	to	increased	stalling	of	the	replisome	at	nucleosomes,	which	pose	a	barrier	to	replication.	It	is	conceivable	that	this	block	could	then	be	overcome	with	the	help	of	Pif1.	In	any	case,	the	end	of	replication	must	occur	without	issue	in	vivo	as	any	unreplicated	DNA	can	lead	to	the	formation	of	anaphase	bridges	and	ultimately	genomic	instability	(Chan	et	al.	2009;	Sofueva	et	al.	2011;	Steinacher	et	al.	2012).					Whilst	looking	for	factors	that	influence	the	efficiency	of	termination,	I	found	that	increasing	the	concentration	of	loaded	Mcm2-7	double	hexamers	was	inhibitory	to	termination	on	naked	DNA	(Chapter	4).	Intriguingly,	these	excess	loaded	double	hexamers	were	removed	in	the	presence	of	Pif1.	This	suggested	that	part	of	Pif1’s	role	in	enhancing	termination	was	through	its	removal	of	topologically	bound	Mcm2-7	between	two	converging	CMGs.	It	
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seemed	plausible	that	this	could	be	a	second	pathway	for	removing	Mcm2-7	at	the	end	of	replication,	similar	to	the	one	involving	polyubiquitylation	of	Mcm7	by	SCFDia2	in	S.	cerevisiae	and	CRL2Lrr1	in	vertebrates	(Maric	et	al.	2014;	Dewar	et	al.	2017).			I	then	went	on	to	find	that	excess	loaded	double	hexamers	are	severely	inhibitory	to	replication	generally	(not	only	termination)	on	chromatinised	DNA.	This	suggested	that	these	excess	(unfired)	double	hexamers	need	to	be	removed	during	replication	as	they	block	the	replisome’s	progression	through	nucleosomes.	Furthermore,	I	showed	that	this	inhibitory	effect	on	replication	is	rescued	by	Pif1.	Thus,	it	seems	that	excess	double	hexamers	probably	do	not	accumulate	as	trains	in	vivo.	Instead,	they	are	likely	removed	as	they	are	encountered	by	the	replisome,	allowing	replication	to	proceed	unimpeded	through	chromatin.	This	has	important	implications	given	that	in	
vivo	Mcm2-7	has	been	shown	to	load	in	roughly	20-fold	excess	relative	to	replication	origins	and	ORC	in	both	S.	cerevisiae	and	humans,	leading	to	the	licensing	of	many	more	origins	than	are	needed	to	replicate	the	genome	(Burkhart	et	al.	1995;	Lei	et	al.	1996;	Donovan	et	al.	1997;	Mahbubani	et	al.	1997;	Edwards	et	al.	2002).	It	has	never	been	clear	when	or	how	these	unused	double	hexamers	are	removed	from	dormant	origins	during	the	cell	cycle,	and	it	was	possible	(and	still	is)	that	they	could	be	pushed	ahead	of	the	replisome	and	become	activated	in	the	event	of	a	stalled	or	collapsed	replication	fork.	However,	the	results	presented	in	this	thesis	provide	the	first	indication	that	these	excess	double	hexamers	must	be	removed	during	replication,	and	that	a	pathway	for	this	removal	involves	Pif1.	This	is	effectively	a	replication-dependent	mechanism	for	the	de-licensing	of	dormant	origins,	and	is	a	novel	role	for	Pif1.	It	is	also	a	possibility	that	in	S.	
cerevisiae,	Rrm3	may	be	the	more	relevant	of	the	two	Pif1-family	helicases	in	terms	of	removing	loaded	MCMs.	However,	humans	only	have	one	copy	of	Pif1.	The	human	MCM-binding	protein	(MCM-BP)	has	also	been	implicated	in	the	removal	of	loaded	MCMs	from	chromatin	(Nishiyama	et	al.	2011).	It	will	now	be	important	to	determine	how	(or	if)	these	proteins	are	involved	in	removing	MCMs	in	vivo.					
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7.4	Complete	chromatin	replication	in	vitro	Following	the	reconstitution	of	replication	initiation,	elongation,	and	termination,	it	was	now	possible	to	build	upon	the	in	vitro	replication	system	established	earlier	in	this	thesis	in	order	to	understand	the	requirements	for	complete	chromatin	replication	as	it	occurs	in	vivo.	This	would	involve	the	replication	of	a	chromatin	template	and	then	reassembly	of	the	products	into	fully	chromatinised	daughter	DNA.	In	order	for	this	to	occur,	nucleosomes	are	recycled	and	transferred	from	the	template	to	the	daughter	DNA.	These	make	up	(at	best)	50%	of	the	nucleosomes	on	the	nascent	DNA.	The	rest	come	from	a	newly-synthesised	pool	and	are	deposited	in	a	replication-coupled	manner.	One	pathway	in	which	parental	histones	are	re-deposited	behind	the	fork	had	been	reconstituted	previously	(Kurat	et	al.	2017),	so	I	began	by	establishing	several	assays	for	studying	replication-coupled	chromatin	assembly,	first	in	extracts	and	then	using	purified	proteins	in	the	in	vitro	replication	system.	I	found	that	this	process	minimally	requires	histone	proteins	H2A,	H2B,	H3,	and	H4	as	well	as	the	histone	chaperones	CAF-1	and	Asf1	(Chapter	5).	This	is	in	addition	to	the	proteins	described	previously	for	the	reconstitution	of	replication	initiation,	elongation,	and	termination	(Chapter	3).	The	need	for	CAF-1	and	Asf1	confirms	early	studies	of	SV40	replication	in	human	cell	extracts	during	the	1980s	and	1990s	(Smith	and	Stillman,	1989;	Tyler	et	al.	1999).	It	has	been	a	long	standing	question	as	to	whether	other	factors	in	the	extracts	used	in	these	early	experiments	were	also	required	for	replication-coupled	chromatin	assembly.		Furthermore,	the	mechanism	of	replication	in	eukaryotes	is	different	than	it	is	in	SV40.	For	example	the	SV40	system	does	not	contain	DNA	Polymerase	e	and	relies	on	T	antigen	instead	of	a	helicase	like	the	CMG.	Despite	its	early	usefulness,	SV40	is	not	an	ideal	system	in	which	to	study	how	chromatin	assembly	is	coupled	to	replication.	The	system	described	in	this	thesis	provides	a	means	to	study	this	process	in	the	context	of	a	completely	reconstituted	eukaryotic	replisome.			Recent	work	has	shed	light	on	the	mechanism	through	which	CAF-1	forms	(H3-H4)2	tetramers	prior	to	deposition	on	replicated	DNA	(Mattiroli	et	al.	2017).	The	role	of	Asf1	is	less	clear,	though	it	has	been	shown	to	interact	
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directly	with	CAF-1	in	D.	melanogaster	and	humans	(Tyler	et	al.	2001;	Mello	et	al.	2002).	However,	the	extent	to	which	CAF-1	and	Asf1	interact	to	deposit	newly-synthesised	histones	on	nascent	DNA	is	not	known.			I	also	found	that	the	ATP-dependent	nucleosome	spacing	factor,	ISW1a,	is	required	to	generate	periodic	nucleosome	arrays	following	nucleosome	deposition	by	CAF-1	and	Asf1.	Given	the	relatively	short	time	in	which	the	reaction	was	carried	out,	this	suggests	that	the	nucleosomes	are	deposited	and	then	quickly	positioned	on	the	nascent	DNA.	This	is	similar	to	what	has	been	observed	in	vivo,	where	deleting	chromatin	remodellers	such	as	ISW1a	results	in	the	loss	of	an	extensive	Micrococcal	nuclease	ladder	following	digestion	of	replicated	DNA	(Yadav	and	Whitehouse,	2016).	Furthermore,	a	number	of	other	proteins	that	have	been	implicated	in	replication-coupled	chromatin	assembly	in	vivo	were	found	to	be	dispensable	in	this	system,	such	as	the	histone	chaperones	Rtt106	and	Vps75,	as	well	as	the	histone	acetyl-transferase	Rtt109.	However,	this	does	not	rule	out	the	possibility	that	they	are	needed	under	specific	conditions	in	vivo,	such	as	in	the	presence	of	replication	stress	(Masumoto	et	al.	2005).	Indeed,	H3K56ac	has	been	shown	to	promote	chromatin	reassembly	following	double	strand	break	repair	(Chen	et	al.	2008).			It	has	been	shown	previously	that	CAF-1	couples	chromatin	assembly	to	replication	through	an	interaction	with	PCNA	(Shibahara	and	Stillman,	1999;	Zhang	et	al.	2000;	Moggs	et	al.	2000).	This	coupling	is	important	in	part	to	ensure	that	histones	and	their	modifications	are	preserved	at	specific	loci	in	the	genome.		Moreover,	it	has	been	recently	observed	that	(1)	processive	synthesis	on	the	leading	strand	is	largely	independent	of	PCNA	and	(2)	the	lagging	strand	is	enriched	with	PCNA	(Georgescu	et	al.	2014;	Yu	et	al.	2014).	This	raised	the	question	of	whether	chromatin	assembly	on	both	the	leading	and	lagging	strands	is	coupled	to	replication	via	PCNA.	Using	the	in	vitro	replication	system	I	found	that	chromatin	assembly	on	both	strands	likely	requires	the	interaction	between	CAF-1	and	PCNA	(Chapter	5).	This	implies	that	the	mechanism	of	de	novo	chromatin	assembly	is	probably	similar	on	the	
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two	strands,	with	both	being	mediated	by	CAF-1.	However,	future	experiments	will	be	required	to	understand	the	mechanisms	of	chromatin	assembly	on	the	leading	and	lagging	strands	during	replication.	It	should	also	be	noted	that	PCNA	has	many	interactors	in	vivo,	and	the	absence	of	these	interactors	may	change	the	dynamics	of	processes	such	as	replication-coupled	chromatin	assembly	in	the	in	vitro	system	described	in	this	thesis.							Having	reconstituted	de	novo	chromatin	assembly,	I	wanted	to	combine	this	process	with	FACT/Nhp6-dependent	replication	of	chromatinised	DNA	to	begin	looking	at	how	the	re-deposition	of	parental	nucleosomes	is	coordinated	with	de	novo	chromatin	assembly	by	CAF-1	and	Asf1	(Kurat	et	al.	2017).	Due	to	the	efficiency	of	the	de	novo	chromatin	assembly	reaction	(as	evidenced	by	an	extensive	ladder	following	digestion	with	Micrococcal	nuclease),	I	was	unable	to	determine	whether	or	not	the	two	pathways	were	contributing	nucleosomes	equally	to	the	daughter	DNA.	However,	a	previous	result	revealed	that	CAF-1	and	Asf1	do	not	substitute	for	FACT/Nhp6	during	the	replication	of	chromatinised	DNA.	Future	experiments	will	be	required	to	determine	how	these	pathways	are	coordinated	with	each	other	and	with	the	replisome.	One	useful	approach	will	be	to	tag	two	sets	of	histones,	one	used	for	the	de	novo	chromatin	assembly	reaction	and	the	other	used	to	chromatinise	the	template	DNA.	These	could	then	be	used	to	isolate	the	parental	and	de	novo	nucleosomes	assembled	onto	the	nascent	DNA.	Furthermore,	coupling	this	approach	with	new	strand-specific	sequencing	techniques,	such	as	eSPAN	and	SCAR-seq,	will	provide	a	powerful	method	for	studying	these	processes	in	this	in	vitro	system	(Petryk	et	al.	2018;	Yu	et	al.	2018;	Yu	et	al.	2014).	These	techniques	have	already	been	used	in	vivo	to	show	how	Mcm2	and	DNA	polymerase	e	ensure	that	parental	(H3-H4)2	tetramers	are	passed	symmetrically	to	the	nascent	DNA	(Petryk	et	al.	2018;	Yu	et	al.	2018).	It	was	previously	known	that	(H3-H4)2	tetramers	generally	remain	intact	and	are	segregated	randomly	to	the	newly	synthesised	DNA	(Xu	et	al.	2010).	The	power	of	a	fully	reconstituted	system	is	that	one	has	complete	control	over	all	components	of	the	reaction.	Such	a	system	can	thus	be	exploited	to	unpick	the	mechanism	of	histone	transfer	to	each	of	the	
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daughter	strands	in	ways	that	are	not	possible	in	vivo.	Ultimately,	this	system	could	be	used	to	study	how	histone	modifiers	are	recruited	to	the	replisome,	and	the	mechanisms	through	which	histone	modifications	are	inherited	during	and	after	replication.	This	has	the	potential	to	provide	significant	insights	into	how	epigenetic	states	are	inherited	in	vivo.			In	conclusion,	the	results	presented	here	reveal	the	minimal	set	of	proteins	required	for	complete	lagging	strand	synthesis,	termination,	and	replication-coupled	chromatin	assembly	in	vitro.	In	addition,	I	have	presented	evidence	showing	that	unused	dormant	origins	must	be	de-licensed	during	replication,	and	that	the	licensing	factor,	Mcm2-7,	can	be	removed	in	the	presence	of	the	helicase	Pif1.	In	the	future,	the	in	vitro	replication	system	described	in	this	thesis	will	be	a	powerful	tool	for	studying	the	mechanisms	of	replication	as	well	as	those	of	other	replication-coupled	processes.								
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